Introduction ! Curcumin (diferuloylmethane) is the orange and water-insoluble pigment extracted from turmeric, the rhizome of Curcuma longa, a species that belongs to the Zingiberaceae family. The powder obtained from the turmeric root, the main ingredient of curry, contains 2-5 % of curcumin. Due to its chemical and biological properties, curcumin is one of the so-called phytochemical compounds, biologically active molecules produced by plants with beneficial effects on health, that also include β-carotene, lycopene, epigallocatechinegallate, and quercetin [1] [2] [3] . The therapeutic use of the plant dates back to Indian Ayurvedic medicine, and curcumin is still nowadays commonly used as a spice and as a colorant in Indian cooking and in the whole South-East Asia. In the last few years, several curcumin analogues have been tested, but in most cases they were found to be less effective than curcumin itself. On the contrary, dimethoxycurcumin showed good results probably because of the absence of free phenolic groups that prevent its conversion to glucuronide and to sulfate, resulting in better bio-availability [4] . In the last years, several studies have confirmed the potential use of curcumin for the prevention and treatment of many different diseases, especially inflammatory ones and cancer [1] [2] [3] [4] [5] [6] [7] [8] . In particular, several studies confirmed a chemopreventive role for curcumin in tumors from different cell types (pancreas, breast, prostate, lung, mantle cell lymphoma, liver, brain, colorectal cancer, and others) [2, 7, 8] . Several studies focused the effect of curcumin and its analogs on the nuclear factor κB (NF-κB), and demonstrated that curcumin is able to downregulate the expression of genes involved in apoptosis, proliferation, and transformation, by inhibiting the NF-κB activation [7] . The anti-inflammatory properties of curcumin were linked to its ability to downregulate the expression of the IκBα gene, cyclooxygenase-2 gene (COX-2), prostaglandin E-2 (PGE-2), interleukin-1-6-8 (IL-1, IL-6, IL-8), and tumor necrosis factor-α (TNF-α) (l " Fig. 1 ). In addition, curcumin inhibits the free radicals production, and so exhibits antioxidant properties [5] . Other studies demonstrated that curcumin may exert an anti-inflammatory effect through the ac-Abstract ! Curcumin (diferuloylmethane) is the main curcuminoid of the popular Indian spice turmeric (Curcuma longa). In the last 50 years, in vitro and in vivo experiments supported the main role of polyphenols and curcumin for the prevention and treatment of many different inflammatory diseases and tumors. The anti-inflammatory, antioxidant, and antitumor properties of curcumin are due to different cellular mechanisms: this compound, in fact, produces different responses in different cell types. Unfortunately, because of its low solubility and oral bioavailability, the biomedical potential of curcumin is not easy to exploit; for this reason more attention has been given to nanoparticles and liposomes, which are able to improve curcu-minʼs bioavailability. Pharmacologically, curcumin does not show any dose-limiting toxicity when it is administered at doses of up to 8 g/day for three months. It has been demonstrated that curcumin has beneficial effects on several ocular diseases, such as chronic anterior uveitis, diabetic retinopathy, glaucoma, age-related macular degeneration, and dry eye syndrome. The purpose of this review is to report what has so far been elucidated about curcumin properties and its potential use in ophthalmology. tivation of peroxisome proliferator-activated receptor-γ (PPAR-γ) [9] . PPAR-γ is the most studied factor of the nuclear receptor proteins PPARs, a group of transcriptional factors that regulate gene expression [9] . PPAR-γ in fact binds to the peroxisome proliferator response element (PPRE) in the promoter sequence of genes and therefore regulates gene transcription. Unfortunately, because of its low solubility and oral bioavailability, the biomedical potential of curcumin is not easy to exploit, although in 1998 Shoba et al. found that piperine, an alkaloid responsible for the pungency of black pepper, administered along with curcumin significantly improved the plasma concentrations of curcumin both in animals and humans [10] . However, the administration of significant amounts of piperine (doses above 15 mg/day) is not recommended because it has shown to possess a bioavailability enhancing activity with selected drugs [10] . Only recently, studies demonstrated that additional benefits may accrue with the synergism of essential oils and curcuminoids [11] . Synergism between curcumin and other natural components of turmeric (i.e., turmeric essential oil) has been exploited in a proprietary patented formulation trade-named BCM-95 ® (Bio-Curcumin). In healthy human volunteers, the blood levels of curcumin after ingestion of BCM-95 ® increased 6.93-fold compared to plain curcumin and 6.3-fold compared to a curcuminlecithin-piperine formulation [12] . Moreover, curcumin retention time in the bloodstream lasted only four to five hours, while BCM-95 ® was retained for about eight hours, with a higher level of curcumin in the blood at all time points. This superior absorption and retention is attained by a patented process involving homogenization and micronization with turmeric essential oil that later will be bound to natural plant phospholipids [11, 12] .
In an attempt to enhance curcumin bioavailability, delivery systems including liposomal curcumin, encapsulated and nanoparticle-encapsulated curcumin formulations, are also being explored [13] [14] [15] [16] . However, the techno-economic feasibility of these compounds is currently unknown [17, 18] . Due to the complexity of the eye anatomical structures and the specificity required for the treatment of each disease, it would be useful to summarize the knowledge about curcumin effects and remark on its potential use in ophthalmology.
Use in Ophthalmology

!
Molecular mechanisms
In vitro data: Different in vitro experiments showed the possible role of curcumin in the treatment of common ophthalmological conditions, such as dry eye syndrome and proliferative vitreoretinopathy (PVR) [19] [20] [21] . Dry eye syndrome is characterized by a quantitative and qualitative alteration of the tears at the ocular surface. It has been reported that an increased osmolarity of the culture medium produces increased levels of IL-1β, IL-6, and TNF-α and activates p38 MAP kinase, JNK MAP kinase, and NF-κB in corneal epithelial cells [19] . In that experiment, a culture media osmolarity of up to 450 mOsm was obtained by adding a solution of NaCl, and cytokine production was assessed after 24 h. Pretreatment with 5 mmol of curcumin added to the medium inhibited IL-1β production, p38 and NF-κB activation, and decreased JNK activation, suggesting a possible role for curcumin in the treatment of dry eye syndrome [19] . Fig. 1 Chemical structure of curcumin. Curcumin inhibits the expression of nuclear growth factor κB (NF-κB). It also downregulates tumor necrosis factor-α (TNF-α) and other proinflammatory and profibrotic molecules. Phorbol ester (PMA), cyclooxygenase-2 gene (COX-2), subunit of NF-κB (IκBα), reactive oxygen species (ROS), prostaglandin E-2 (PGE-2), interleukins-1-6-8 (IL-1, IL-6, IL-8), osteopontin (OPN), and matrix metalloproteinase-9 (MMP-9).
PVR involves the posterior segment of the eye and probably follows primary retinal detachment. When the retinal cell layers come in contact with vitreous cytokines, retinal pigmented epithelium (RPE) cells proliferate, migrate and undergo an epithelial-mesenchymal transition (EMT): fibrotic membranes grow up and pull the retina inwards, leading to secondary retinal detachment [20] . In cultured human RPE cells, curcumin was able to inhibit cell proliferation by triggering caspase 3/7-dependent (but caspase 8-independent) cell death and necrosis, therefore showing a possible therapeutic role in PVR [20] .
In vivo experimental data: The anti-inflammatory effects of curcumin on the eye were also confirmed with in vivo experiments. Mrudula et al. [21] and Gupta et al. [22] showed the potential effects of treatment with curcumin in mice with diabetic retinopathy induced by the administration of streptozocin. Results were observed with a transmission electron microscope, PCR, and immunoblotting. The first study demonstrated that an 8-week diet enriched with 0.01 % curcumin or 0.5 % Curcuma longa reduced VEGF expression in treated mice when compared to controls [21] . In the second study, a 16-week treatment with 1 g of curcumin per kg of body weight reduced retinal glutathione, superoxide dismutase, catalase, TNF-α, and VEGF levels and mitigated diabetic typical endothelial features [21] . Kowluru and Kanwar [23] found, in addition, that curcumin is able either to protect cellular antioxidant properties or to downregulate IL-1β, VEGF, and NF-κB levels without influencing glucose blood levels in diabetic mice. In these animals, venular leukocyte adhesion is apparent in the microcirculation of the iridal tissue through video microscopy. Other researchers demonstrated both in mice treated with curcumin at a daily oral dosage of 300 mg/kg of body weight and those treated with curcumin + vitamin C (1 g/L ascorbic acid) that leukocyte adhesion, blood glucose levels, dyslipidemia, and HbA1c were reduced, thus confirming the protective role for curcumin and vitamin C on endothelial cells [24] . In a mice model of cataract (induced by administration of 15 µmol/kg of body weight of sodium selenite), the pretreatment with 75 mg/kg of body weight of curcumin produced lower free radical levels in the lenses, prevented the Ca (2+) ATPase inactivation and therefore the accumulation of Ca (2+) that causes, in turn, the activation of calpain-mediated proteolysis and lens clouding [25] . Similar results were obtained in mice with galactose-induced cataract. Slit lamp microscope examination showed that a diet enriched with 0.002% curcumin delays the onset and progression of cataract [26] . Indeed, curcumin could exert, at very low concentrations, antioxidant and antiglycating effects, through inhibition of lipid peroxidation, advanced glycated end products, and protein aggregation. On the other hand, higher levels of curcumin (0.01 %) in the diet may induce opposite effects [27] . Arbiser et al. demonstrated that a diet enriched with 80 ng of basic fibroblast growth factor (bFGF) + 44 µg curcumin (or curcumin analogue), administered after intrastromal linear keratotomy, was able to inhibit bFGF-induced neovascularization in mice [28] .
Curcumin and PPAR-γ
Nuclear PPAR-γ (that is found both in neuronal and RPE cells) activation was found to be involved in the ocular damage onset and plays a modulatory role in inflammation [29, 30] . In diabetic patients, PPAR-γ agonists are able to decrease the level of several markers of inflammation, such as plasma C-reactive protein (CRP), IL-6, monocyte chemotactic protein (MCP-1), plas-minogen activator inhibitor-1 (PAI-1), soluble CD40 ligand [sCD40L], and the matrix metalloproteinase-9 (MMP-9) [31] [32] [33] [34] [35] [36] . These effects are linked to NF-κB downregulation and to a reduced production of reactive oxygen species (ROS) [36] [37] [38] [39] [40] . PPAR-γ agonists (troglitazone, ciglitazone, pioglitazone) were studied in animal models of diabetic retinopathy and demonstrated their ability to improve retinal microcirculation in the early stages of disease by stimulating nitric oxide (NO) production whose reduction in the first stages of retinopathy may contribute to the hemodynamic damage [40] . On the other hand, NO formed by inducible NOS (iNOS) expressed under influences of inflammatory mediators evokes neurodegeneration and cell apoptosis, leading to serious ocular diseases. NO overproduced by neuronal NOS (nNOS) in the retina stimulated by excitotoxic amino acids or exposed to ischemia also mediates retinal injury. Because of these dichotomous roles of NO, which has both beneficial and pathogenic actions, one may face difficulties in constructing therapeutic strategies with NO supplementation or NOS inhibition [40] . In vitro and in vivo models studies also demonstrated antiangiogenic properties of the PPAR-γ ligands [41] [42] [43] [44] [45] [46] [47] . In particular, they appeared to play an antiangiogenic role in agerelated macular degeneration (AMD), inhibiting the migration of MAP kinase-dependent smooth muscle cells and acting as a VEGF inhibitor [41] . Other studies showed that PPAR-γ ligands are able to inhibit cell proliferation induced by growth factors, to downregulate the tissue plasminogen activator and to suppress endothelin-1 secretion [46] [47] [48] [49] . Drüsen in AMD are presently believed to result from the infiltration of microglial cells into the RPE layer and their transformation into foam cells [50] . Microglial cells are the main macrophage population of the brain, and their activity is controlled by PPAR-γ. Although their role has been largely underestimated for a long time, microglial cells are able both to protect and damage the retinal tissue: in physiological conditions they are quiescent, and the retina is isolated from immunological response-related damage; once activated, they secrete cytokines (TNF-α, INF-γ) and upregulate the expression of vascular cell adhesion molecules promoting leukocytes and macrophages recruitment [50] . These pathogenetic events were demonstrated not only for AMD, but also for other ocular conditions, such as glaucomatous optic nerve degeneration, retinitis pigmentosa, and ischemia-reperfusion damage [51] [52] [53] [54] . Curcumin, a PPAR-γ agonist, may therefore play a role in mitigating the progression of AMD through a downregulation of the proinflammatory functions of microglia [52] [53] [54] [55] . The anti-inflammatory and antioxidant effects induced by curcumin activation of PPAR-γ are associated, as mentioned, with the NF-κB pathway. PPAR-γ-mediated suppression of NF-κB may reduce the amount of proinflammatory cytokines in macrophages, such as MMP-9, that seems to play an important role in ocular diseases [56] [57] [58] . Curcumin activates PPAR-γ that, in turn, downregulates MMPs production: it is well known that MMP-9 causes extracellular matrix degradation and stimulates RPE cell migration to the Bruchʼs membrane, thus contributing to AMD pathogenesis [52, 53] . In a murine model of laser-induced choroidal neovascolarization (CNV), uveal endothelial cells and RPE cells expressed PPAR-γ. The response to VEGF, produced by resident macrophages after hypoxia, was inhibited by agonists of PPAR-γ itself. Intraperitoneal administration of curcumin (20 mg/kg/day) significantly reduced the occurrence of damage (p < 0.001), compared with the control group [53] .
Even in cases of optic neuritis (ON), an inflammatory demyelinating disease that usually represents the first symptom of multiple sclerosis (MS), agonists of PPAR-γ (15 d-PGJ 2 and gemfibrozil) may reduce the macrophagic infiltration in the lesions, as demonstrated in mice with autoimmune encephalitis (animal models of MS) [54] . Although additional confirmations are needed, it is clear that curcumin can reduce the progression of ON through increased PPAR-γ levels. Curcumin, indeed, binds both PPAR-γ receptors and retinoic acid receptors; this heterodimer, in turn, binds the PPRE of several genes, as demonstrated for the TNF-α gene in hepatic sepsis [55] .
Clinical data and bioavailability of curcumin
The anti-inflammatory effects of curcumin on the anterior segment were investigated in instances of chronic anterior uveitis and inflammatory orbital pseudotumor. Thirty-two patients with chronic anterior uveitis were divided into two subgroups. 375 mg of curcumin were administered orally 3 times a day for 12 weeks to the participants in the first group (n = 18). Patients in group 2 (n = 14) received, in addition, an antituberculosis prescription, due to their positivity to the Mantoux test. The ocular conditions of all patients from the first group significantly improved (86 %) when compared to subjects from group 2. Since curcumin has no side effects, it could be a promising substitute for corticosteroid treatment [56] . These results were confirmed in a study of 122 patients with chronic uveitis from different etiologies, who were treated orally for 18 months with 600 mg twice a day of a more bioavailable complex of curcumin-phosphatidylcholine, Meriva ® (Indena), formulated as Norflo ® tablets (Eye Pharma Co.). At the end of a 12 month follow-up period, the number of relapses of the disease was 36 against the 275 occurring before treatment in the same group of patients [57] . Also 5 patients with idiopathic inflammatory orbital pseudotumor, treated orally with curcumin (375 mg 3 times a day) for 6-22 months, showed regression of the inflammatory signs at subsequent follow-ups performed every 3 months [58] . Five patients completed the study, out of which four recovered completely, while in one patient the swelling regressed completely but some limitation of movement persisted [58] . The main complication to the clinical diffusion of curcumin remains the low gastrointestinal absorption and the fast hepatic and intestinal metabolism [3, 59] . Several formulations have been studied to overcome this limitation and increase the bioavailability of curcumin. One formulation proposes to place curcumin in a phytosome made of phospholipids in order to protect it from intestinal hydrolysis. The formulation of the complex lecithin phospholipids-curcumin (Meriva ® ) increases over 20 times the bioavailability compared with plain curcumin, so allowing a better use of curcumin and validating all those studies in which it was expected that high doses of curcumin were difficult to achieve due to a poor compliance of patients. Meriva ® underwent pharmacokinetic tests both in animals and humans and showed significantly increased areas under the curve (AUC) and C max (bioavailability of curcumin) [60, 61] . The administration of 1 g of Meriva corresponds to more than 5 grams of curcumin alone. After these results, turmeric phospholipid was used for the formulation of Norflo ® , a food supplement which, as for curcumin, may act in a natural way in ophthalmic diseases by modulating the physiological and inflammatory processes [57, 62] .
In the future, nanoparticles may prove able to solubilize curcumin, as demonstrated on human tumor pancreatic cell experiments, though this still needs to be tested in vivo [63, 64] . After encapsulation of curcumin in a liposomal delivery system that allows for its i. v. administration, the effects on proliferation, apoptosis, signal transduction, and angiogenesis were evaluated both in vitro and in vivo. Results were in agreement with previous data, showing an irreversible growth inhibition, apoptosis, and downregulation of NF-κB, VEGF, IL-8, and endothelial cell marker CD-31. The activity of liposomal curcumin was equal to or greater than that of curcumin at equimolar concentrations. In vivo, curcumin suppressed pancreatic carcinoma growth in murine xenograft models and inhibited tumor angiogenesis. Liposomal curcumin downregulated the NF-κB machinery, suppressed growth and induced apoptosis of human pancreatic cells in vitro [64] . Eye diseases can ameliorate in response to oral curcumin administration. Unfortunately, there are no clinical studies showing the effectiveness and safety of curcumin eyedrops.
Conclusions
!
Experimental and clinical data obtained so far indicate that oral supplementation with curcumin is well tolerated and has been shown to be safe in humans. It could reduce symptoms and signs of eye discomfort after a few weeks of treatment. Most studies demonstrated its potential therapeutic role and its efficacy in eye relapsing diseases, such as dry eye syndrome, allergic conjunctivitis, anterior uveitis, glaucoma, maculopathy, and ischemic and diabetic retinopathy. Curcumin treatment results in a partial, but significant, inhibition of neuronal and vascular damage during ischemic or oxidative stress, angiogenesis, cellular malignant transformation, metastasis, and inflammatory diseases. In light of its angiogenesis-modulating profile and anti-inflammatory properties, curcumin has great potential in the treatment of inflammatory and neovascular proliferative diseases of the retina. The mechanism by which curcumin induces its effects is yet to be fully elucidated, but many studies have shown its relevance as a potent anti-inflammatory and immunomodulating agent. Indeed, curcumin with its pleiotropic activities can modulate the expression and activation of many cellular regulatory proteins such as chemokines, interleukins, hematopoietic growth factors, and transcription factors, which in turn inhibit cellular inflammatory responses and protect cells [5] [6] [7] . We hypothesize that curcumin could be an effective nutraceutical compound for preventive and augmentative therapy of several ocular diseases. In conclusion, in view of curcuminʼs pleiotropic effects on cell death and survival, it could also be interesting to further investigate topical administration of curcumin for eye diseases.
